Maxilliped-setation in two Australian fiddler crabs, Uca perplexa (n 5 104) and U. vomeris (n 5 128) was studied and related to the habitats in which these crabs live. Both species were collected from the banks of Myora Springs, North Stradbroke Island, Queensland, Australia. We counted the total number of setae (both plumose and spoon-tipped) on: 1) the inner and outer surfaces of the first and second maxillipeds, and 2) the inner surface of the third maxilliped. In general, there is no distinct sexual dimorphism for both types of setae in the two species. For any given size of crab, significantly more spoon-tipped setae were present in U. perplexa than in U. vomeris, providing further quantitative evidence that fiddler crabs from sandy habitats possess more spoon-tipped setae (an adaptation for processing sandy sediments) than those living in muddy habitats. No significant difference in plumose setation between the two species was generally detected; perhaps plumose setation is of less adaptive significance in terms of habitat adaptation than spoon-tipped setation in these two species. There is generally no sexual dimorphism in the size of the three maxillipeds for both species. Uca perplexa males had longer minor chelipeds than females while U. vomeris males had minor chelipeds that are deeper in the centre than females. These results provide evidence that male fiddler crabs could compensate for their foraging handicap by having longer or deeper minor chelipeds which enable them to scoop larger amounts of substrate.
INTRODUCTION
Many factors govern the distribution and abundance of organisms; one of the most important being the availability of food resources, which is a basic requirement for survival. Crane (1941) observed that most species of Uca were restricted in distribution, and that distribution was closely associated with specific biotopes. Distinct distribution patterns and habitat preference in species of Uca from many parts of the world have been documented since, e.g., Africa (Icely and Jones, 1978; Ewa-Oboho, 1993) , North America (Ringold, 1979; Bertness and Miller, 1984; Mouton and Felder, 1996) , South America (Ribeiro et al., 2005; Bezerra, 2006) , and Asia (Murai et al., 1982; Lim and Diong, 2003; Lim et al., 2005; Lim, 2006; etc.) .
Adaptations for the procurement of food from the environment further restrict the habitat-type in which an animal is able to thrive. Crane (1941) commented anecdotally that fiddler crab species which live in sandy habitats generally have numerous 'spoon-tipped' setae while those living in muddy habitats have more 'plumose' setae on the second maxillipeds. The 'spoon-tipped' setae were described as setae with broadened tips that are cupped and arched inwards. 'Plumose' setae were described as feather-like in appearance. In 1957, Altevogt compiled a list of fiddler crab species that possess similar setae modifications, thereby supporting Crane's generalization that modification of the second maxilliped setation is correlated with habitat. He further observed that these spoon-tipped setae helped to get rid of coarse sediment particles from the buccal cavity. Since then, quantitative evidence to support Crane's (1941) generalization have been reported in many species of Uca (Miller, 1961; Ono, 1965; Salmon and Atsaides, 1968; Weissburg, 1991; Lim, 2004; Yamaguchi et al., 2005, etc.) .
One of the most striking characteristics of fiddler crabs is the distinctly sexual dimorphic major cheliped of the males (Crane, 1975) . The grossly enlarged major cheliped is used by the male for courtship (Crane, 1975) , fighting with conspecific males (Christy and Salmon, 1984) as well as defence of its burrow, but it is useless for feeding purposes. While females are able to forage with both of their chelipeds, males have only one cheliped with which to feed. It has been hypothesized that females might have more setae on their mouthparts or larger maxillipeds (in proportion to their body size) in order to process the 'excess' sediment brought in by the two chelipeds (see Weissburg, 1991) . In male fiddler crabs, many strategies have been proposed by researchers as compensations for the apparent disadvantage of foraging with only one cheliped. For example, they could 1) have faster feeding motions on a per claw basis (Caravello and Cameron, 1987) ; 2) feed for a longer period of time than females (Valiela et al., 1974) ; 3) feed on larger mouthfuls per scoop using a larger functional feeding claw (Caravello and JOURNAL OF CRUSTACEAN BIOLOGY, 31(3): 406-412, 2011 Cameron, 1987; Yamaguchi, 2000; Yamaguchi et al., 2005) ; 4) possess a priority of access to areas of higher food concentration (Caravello and Cameron, 1987) ; and 5) have a higher assimilation efficiency of food ingested (Weissburg, 1992) . However, there are also numerous studies that provide information that do not support some of these hypotheses. For example, Uca pugnax (Smith, 1870) males did not use faster feeding motions to compensate for the handicap of feeding with one claw (see Valiela et al., 1974) ; neither did male U. annulipes (H. Milne Edwards, 1837) and U. vocans (Linnaeus, 1758 ) (see Lim et al., 2008; Lim, 2010) . Valiela et al. (1974) also reported that male and female U. pugnax have similar food-processing abilities and digestive efficiencies. Hence, it should be noted that there is no generalization on any preferred compensation method as males of different species adopt different strategies.
In Australia, at Myora Springs on North Stradbroke Island, there are two common species of fiddler crabs, Uca perplexa (H. Milne Edwards, 1852) and U. vomeris McNeill, 1920 , that have distinct micro-habitat preference: the former inhabit sandy regions higher up in the mangrove, while the latter is found in the lower mudflats towards the sea. These two sympatric species present an excellent opportunity to study mouthpart adaptations to habitat characteristics and sexual dimorphism of maxillipeds and chelipeds to increase foraging efficiency in both females and males respectively. The objectives of this study were: 1) to determine if there is sexual dimorphism in the degree of adaptation (in terms of numbers of both plumose and spoon-tipped setae) of the three maxillipeds between the sexes in U. perplexa and U. vomeris, 2) to compare the degree of adaptation of the maxilliped-setation in the two species in relation to their respective habitats, 3) to determine if there is sexual dimorphism in the maxilliped-size and minor cheliped morphometrics in both species.
MATERIAL AND METHODS

Collection and Measurements
All specimens used in this study were sampled from Myora Springs, North Stradbroke Island, Queensland, Australia (latitude 27u28980S and longitude 153u25930.010E) in February 2005. The freshwater stream at Myora Springs runs out through a mangrove forest into Moreton Bay. At low tide, the mudflats are exposed. Uca perplexa and U. vomeris are commonly found in the upper most part of the mangrove (sandy habitat) and the lowest part of the mangrove (muddy habitat) respectively. A total of 104 individuals of U. perplexa (49 males, 55 females) and 128 U. vomeris (86 males, 42 females) were collected, preserved in 75% ethanol and brought back to the laboratory in the National Institute of Education, Nanyang Technological University, Singapore for morphological studies.
The carapace width (CW) of each crab was measured with a pair of digital vernier callipers. Left maxillipeds of every crab were examined for standardisation. The basal endite of the first maxilliped and the entire structure of the second and third maxillipeds were carefully removed using a pair of fine forceps. Only the basal endite was removed in the first maxilliped because it is the most important structure to separate food particles from the substrate according to Miller (1961) . The maximum length and width of each of the three maxillipeds were measured using a stereomicroscope with the aid of an ocular micrometer. Two surfaces on the first and second maxillipeds, inner surface and outer surface, and the inner surface of the third maxilliped were examined: Max1In, Max1Out, Max2In and Max2Out and Max3In, respectively. Two types of setae were studied: 1) plumose setae are found predominantly on Max1In, Max1Out, Max2Out and Max3In; 2) spoon-tipped setae are present only on the Max2In. The maxillipeds were mounted on cavity slides with a few drops of 50% glycerol. Enumeration of all the plumose and spoon-tipped setae on all five surfaces was carried out for each crab under the stereomicroscope at a magnification of 533 with the aid of an ocular grid.
Morphometric data were recorded from 46 male and 50 female U. perplexa, and 81 male and 41 female U. vomeris, due to missing or broken appendages in some specimens. The minor cheliped of the males and the left cheliped of the females were removed and mounted on slides. The left minor cheliped of the females were chosen to ensure standardisation as the left maxillipeds of each crab were used for measurement and enumeration of setae. Five standard measurements were measured for each crab: 1) length of dactyl, 2) length of propodus, 3) width of minor cheliped, 4) height at the tip of the claw of the minor cheliped, and 5) height at the centre of the minor cheliped. Measurements were made under the stereomicroscope at a magnification range of 103 to 403 with the aid of an ocular micrometer. Cheliped depth was then determined by calculating the difference between 4) and 5), i.e., between height at the tip and height at the centre.
Statistical Analyses
For maxilliped setation, an analysis of covariance (ANCOVA), was performed using a general linear model (GLM) with ''number of plumose setae'' or ''number of spoon-tipped setae'' as the response variable, ''sex'' as the factor and ''carapace width'' as the covariate for separate sexes in each species for the five surfaces which had the respective setae. This ANCOVA was applied to test for the difference in slopes of the regression lines between sexes in each species. If the slopes were not found to be significantly different, a test of intercepts was carried out. No test of intercepts would be carried out when slopes differ significantly. In the event that both slopes and intercepts were found to be not significantly different, the data for both sexes were combined for subsequent comparison between the two species. ANCOVA was used to ascertain if there is sexual dimorphism in 1) the three maxillipeds, and 2) four morphometric measurements of the minor cheliped. All statistical analyses were carried out using MINITAB software (MINITAB, Inc., Release 14, 2003) .
RESULTS
ANCOVA results for U. perplexa showed that there was no significant difference (P . 0.05) between the slopes and between the intercepts of regression lines of males and females for the number of plumose setae on all five maxilliped surfaces, i.e., there is no sexual dimorphism in number of plumose setae. Similar results were obtained in U. vomeris for the number of plumose setae on Max1In, Max2Out, Max3In, but the slopes were significantly different (P , 0.05) for Max1Out (F 1,124 5 4.65, P 5 0.033) and Max2In (F 1,124 5 9.80, P 5 0.002) (Fig. 1a, b respectively). Male and female U. vomeris have different number of plumose setae on Max1Out and on Max2In.
Males and females in each species were combined in order to determine inter-specific differences between U. perplexa and U. vomeris. Although slopes of the regression lines for the number of plumose setae on Max1In of U. perplexa and U. vomeris were not significantly different (P . 0.05), the intercepts differed significantly (F 1,228 5 5.64, P 5 0.018), i.e., for any given carapace width U. vomeris has a greater number of plumose setae on Max1In than U. perplexa (Fig. 2a) . For Max1Out, Max2In and Max2Out, there was no significant difference (P . 0.05) between the slopes and between the intercepts of the regression lines of the two species (Fig. 2b-2d ). The slopes of the regression lines of U. perplexa and U. vomeris for the number of plumose setae on Max3In differed marginally (F 1,227 5 3.97, P 5 0.047) (Fig. 2e) : the plumose setae in U. vomeris increased at a lower rate than U. perplexa as crab size increased, although U. vomeris generally had more plumose setae than U. perplexa.
For the spoon-tipped setae on Max2In, males and females in both species did not differ significantly (ANCOVA, P . 0.05, Fig. 3a, b) indicating lack of sexual dimorphism. When the two species were compared, the slopes of the regression lines of U. perplexa and U. vomeris differed significantly (ANCOVA, F 1,228 5 80.40, P 5 0.000): for any given carapace size U. perplexa has significantly more spoontipped setae than U. vomeris (Fig. 3c) .
There was no sexual dimorphism in maxilliped proportions of maxillipeds 1 and 2 of U. perplexa (ANCOVA, P . 0.05) (Fig. 4) . However, the maxilliped 3 of U. perplexa males was significantly larger than that of females (ANCOVA, slopes significantly different, F 1,100 5 10.15, P 5 0.002) (Fig. 4) . In U. vomeris, all three maxillipeds did not differ between the sexes (ANCOVA, slopes and intercepts, P . 0.05) (Fig. 5) .
In U. perplexa, only the manus length did not differ significantly between the two sexes (ANCOVA, P . 0.05). Slopes of all other morphometric measurements differed significantly between the sexes with males having a higher rate of increase as carapace increases: dactyl length (F 1,94 5 48.08, P 5 0.000), propodus length (F 1,94 5 4.80, P 5 0.031) and cheliped depth (F 1,94 5 5.90, P 5 0.017) (Fig. 6a to 6c respectively) . In U. vomeris, there was no significant difference in slopes and intercepts of cheliped morphometrics when males and females were compared. For cheliped depth, although slopes were not significantly different for cheliped depth, intercepts were marginally different between the sexes (ANCOVA, F 1,118 5 3.90, P 5 0.051); males have slightly deeper minor chelipeds than females (Fig. 7) .
DISCUSSION
Results of our present study showed that generally there is no sexual dimorphism in the number of plumose setae and spoon-tipped setae for both U. perplexa and U. vomeris; lack of such dimorphism on the first and second maxillipeds of males and females has been previously documented in U. lactea (De Haan, 1835) (Yamaguchi and Ogata, 2000) and U. arcuata (De Haan, 1835) (Yamaguchi et al., 2005) . Similarly, Lim (2004) reported that the number of spoon-tipped setae did not differ significantly between males and females in U. annulipes and U. vocans. Hence, to-date there are substantial quantitative data from six species of fiddler crabs (including U. perplexa and U. vomeris in the present study) that contradict Weissburg's (1991) observation that females of U. pugnax have 10 to 15% more setae on their first and second maxillipeds than male individuals. It is pertinent to note that Weissburg (1991) used grids of 10 3 20 mm, 15 3 15 mm and 10 3 20 mm, 20 3 20 mm and 10 3 40 mm placed on various portions of the first and second maxillipeds for his enumeration of setae, whereas all setae were counted in the six species that showed no sexual dimorphism. Perhaps if Weissburg (1991) had counted all the setae on the first and second maxillipeds, he might not have concluded that females had more setae than males in order to efficiently separate food substances from the sediment taken in by the two chelipeds.
In 1961, Miller did a comparative study on the mouthpart adaptations of three species of fiddler crabs, U. pugilator (Bosc, 1802) , U. pugnax, and U. minax (Le Conte, 1855), collected from sandy, silty-mud, and fine mud habitats, respectively. Although he did not quantify the number of spoon-tipped setae, he concluded that the sandy-species, U. pugilator, had the ''highest degree of hair-tip modification.'' For the marsh-inhabiting U. pugnax, there was intermediate degree of modification as food is more readily available in silty sediments. The occurrence of only a few modified spoon-tipped setae in U. minax is significant as this species lives in the high marsh where there is greater availability of food. Hence, he reasoned that there is neither a need for an efficient food sorting mechanism, nor an effective morphological adaptation for getting rid of inorganic material, e.g., sand grains, from the buccal cavity. Ono (1965) had similar conclusions when he compared spoon-tipped setae densities in U. lactea (from sandy habitat) and U. arcuata (from clayey habitat) using 500 3 500 mm micro-quadrats. In 1968, although the method of enumeration was not stated, Salmon and Atsaides reported that U. virens Salmon and Atsaides, 1968 (from muddysand habitats) had more spoon-tipped setae than U. longisignalis Salmon and Atsaides, 1968 (from muddy habitats). Icely and Jones (1978) commented qualitatively that U. lactea had the largest area of the second maxilliped covered with spoon-tipped setae, followed by less coverage in U. vocans and U. tetragonon (Herbst, 1790) , with the least coverage in U. chlorophthalmus (H. Milne Edwards, 1837) . This trend corresponded with the order of the mean particle size of the sediments from which a few individuals of the four species were collected. More recently, in another qualitative study on six species of fiddler crabs (five specimens per species) from a Brazilian mangrove, similar general conclusions were drawn linking the second maxilliped's spoon-tipped area coverage with sediment characteristics (Costa and Negreiros-Fransozo, 2001 ).
To date, the most detailed comparison of the spoontipped setae on the second maxillipeds between sympatric species of fiddler crabs from different micro-habitats (other than present study) was conducted by Lim (2004) ; for any given size of crab, U. annulipes (n = 5 46; n R 5 45, from the sandy regions in the lagoon) has more spoon-tipped setae than U. vocans (n = 5 50; n R 5 50, from the muddy micro-habitats). It is evident from our present results that U. perplexa had more spoon-tipped setae than U. vomeris, providing additional strong quantitative evidence (based on large sample sizes) that sandy habitat species generally possess more of such setae than muddy habitat species.
There is not much literature available to-date, with quantitative comparisons of plumose setae in species of Uca from different habitat types. Although Yamaguchi et al. (2005) counted all the setae in U. arcuata, they did not compare the plumose setae with that reported for U. lactea in an earlier paper (see Yamaguchi and Ogata, 2000) . In our present study, no significant difference in plumose setae was generally detected between U. perplexa and U. vomeris; perhaps this type of setation is of less adaptive significance than spoon-tipped setation in terms of habitat adaptation.
No sexual dimorphism was detected in the size of the three maxillipeds of U. perplexa and U. vomeris. Consistently similar results were also observed for the first and second maxillipeds of U. pugnax (Weissburg, 1991) , U. lactea (Yamaguchi and Ogata, 2000) , and U. arcuata (Yamaguchi et al., 2005) . It is obvious that male fiddler crabs do not compensate for the handicap of having one cheliped with which to feed by having larger maxillipeds (with more setae for food sorting). The effect of sexual selection on foraging ecology of fiddler crabs has been rather well studied in many species. Valiela et al. (1974) reported that although the number of feeding motions in male U. pugnax is half of that observed in females, males seem to compensate by extending the duration of feeding activities. In addition, although the length of the feeding chela of males and females do not differ, the width of the small flat ventral area on the tip of the feeding dactyl is larger in males, thereby enabling males to obtain larger scoops per feeding motion. Caravello and Cameron (1987) hypothesized that male fiddler crabs modify their foraging relative to females to reduce the 'cost' of their enlarged major claw. Results of their study on U. panacea Novak and Salmon, 1974 , showed that increased foraging rates (on a per claw basis), coupled with a larger functional feeding claw allowed males to maintain an energy intake equivalent to that of females, apparently confirming their hypothesis.
In U. perplexa, dactyl length, propodus length and cheliped depth differed significantly between males and females; this means that while width of claws were similar in the two sexes, males have longer and deeper minor chelipeds than females. Yamaguchi (2000) similarly reported longer and wider feeding chelipeds in U. lactea, and he concluded that males with their 10% larger claws are able to carry larger amounts of sediment per scoop. There was generally no sexual dimorphism in size of minor cheliped in U. vomeris, except that males have slightly deeper minor cheliped (though not significant). Yamaguchi et al. (2005) also reported that male U. arcuata have deeper minor claws than females, with very small differences in dactyl and propodus lengths. We propose that in species that live in sandy habitats, e.g., U. perplexa and U. lactea, where food is less abundant, males compensate by having larger minor chelipeds such that larger volumes of sediment per scoop can be brought to the buccal cavity. In species that inhabit muddy habitats, e.g., U. vomeris and U. arcuata, there is perhaps no need for the male to invest in a larger minor cheliped as food is abundant. Work is ongoing to compare the minor cheliped sizes of U. annulipes and U. vocans to further elucidate this observation. We also have evidence that U. annulipes and U. vocans adopt different foraging strategies in patch utilization (Lim et al., 2008; Lim, 2010) , which should shed more light on the adaptations of fiddler crabs to two types of contrasting substrates. It is evident, however, that the functional mechanics of foraging in specific habitats involve various interdependent and sometimes conflicting processes, such as mechanisms of food delivery and extractions versus mechanisms regulating foraging effort. Queensland Museum facilitated the permit application for transfer of specimens to Singapore. Field assistance and words of wisdom about Australian fiddler crab biology from Diana Jones are greatly appreciated. We gratefully acknowledge Adeline Yong's assistance in the conversion of all the figures to high resolution. Funding for SSLL's participation in the workshop was generously provided by Staff Development Leave support while additional funding for subsequent work came from the research grants (RI 10/03 SL and RS 04/08 SL) from the National Institute of Education, Nanyang Technological University, to SSLL.
